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© Medical-grade lipid-coated microbubbles, paramagnetic labelling thereof and their therapeutic use. 

© This invention relates to a large scale method for the production of medical grade lipid-coated microbubbles, 
to the paramagnetic labeling of such microbubbles and to therapeutic applications for the microbubbles. More 
particularly, the invention relates to a method of the production of medical grade, concentrated suspensions of 
stable, paramagnetically derivatized or underivatized microbubbles useful for ultrasonic and magnetic resonance 
imaging and also relates to therapeutic interventions such as selective tumor destruction. 
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Field of the Invention 

This invention relates to methods for the production of medical grade lipid-coated microbubbles. to the 
paramagnetic labeling of such microbubbles and to therapeutic applications for the microbubbles. More 
s particularly, the invention relates to methods for the production of medical grade, concentrated suspensions 
of stable, paramagnetically derivatized or underivatized microbubbles useful for ultrasonic and magnetic 
resonance imaging and also for therapeutic interventions such as selective tumor destruction. 

Background of the Invention 

10 

Various technologies exist in which parts of an animal or human body may be imaged so as to aid in 
diagnosis and therapy of medical disorders. One of techniques that is now widely used in diagnostic 
imaging various parts of the body is ultrasound. This technique involves the use of an ultrasound transducer 
to generate and receive sound waves. The transducer is placed on the body surface over an area to be 
75 imaged and sound waves generated by the transducer are directed to that area 

The transducer then detects sound waves reflected from the underlying area and translates the data into 
images. 

The basis for ultrasound imaging is that, when ultrasonic energy is transmitted through a substance, the 
acoustic properties of the substance will depend upon the velocity of the transmissions and the density of 

20 the substance. Changes in the substance's acoustic properties will be most prominent at the interface of 
different substances (i.e., solids, liquids and gases). As a consequence, when ultrasound energy is directed 
through various media, the changes in acoustic properties at such interfaces will change the reflection 
characteristics, resulting in a more intense sound reflection signal received by the ultrasound transducer. 
Early ultrasound techniques suffered from a lack of clarity. As a result, extensive efforts were 

25 undertaken to improve the ultrasonic equipment. In addition, contrast agents were introduced into the 
bloodstream in an effort to obtain enhanced images. Many of these contrast agents were liquids containing 
microbubbles of gas. These contrast agents themselves are intense sound wave reflectors because of 
acoustic differences between the liquids and the gas microbubbles enclosed therein. Hence, when these 
contrast agents are injected into the bloodstream and perfuse the microvasculature of the tissue, clearer 

30 images of the tissue may be produced. 

A number of different contrast agents are known in the art. For example. Feinstein discloses microbub- 
bles formed from protein solutions, such as those formed from albumin, in U.S. Patent No. 4,774,958. 
Microbubbles formed from gelatin are described as suitable contrast agents in U.S. Patent No. 4,276.885. 
U.S. Patent No. 4,684,479 discloses lipid-coated microbubbles which, because of their excellent in vitro 

35 stability, were suspected and recently confirmed to be very long-lived in vivo and, hence, are particularly 
well suited for diagnostic and therapeutic ultrasound applications. The method for preparing the microbub- 
bles disclosed in the *479 patent is not, however, sufficient to allow for the large scale production of medical 
grade microbubbles. 

One of the limitations of diagnostic ultrasound is that it is of very limited use preoperative^ in 

40 neurosurgical applications because of the presence of bone, and in particular, the skull. Accordingly, 
magnetic resonance imaging ("MRI"). which is also quite sensitive to tissue pathology, has been rapidly 
accepted as a technique for neurological diagnosis. MRI of the brain is conducted preoperative^, to provide 
an image which the surgeon can then consult during an operation. 

Initially. MRI was conducted without the aid of a contrast agent. However, the poor specificity of MRI in 

45 neurological diseases soon became evident. Contrast agents are now also available to enhance MRI 
imaging. The best known MRI contrast agents are paramagnetic metal ion chelates with low toxicity. These 
include manganese, iron and gadolinium metal ions which have been chelated with diethylenetriaminepen- 
taacetic acid or ethylenediaminetetraacetic acid. See, for example. Carr et at, The Lancet , 1:484-486 (1984); 
Runge et al. Magnetic Resonance Imaging . 3:27-35 (1985); Lauffer et al. Magnetic Resonance Imaging , 

so 3:11-16 (1985); and Lauffer et al, Magnetic Resonance Imaging, 3:541-548 (1986). 

The foregoing techniques provide medical personnel with the ability to obtain accurate images under a 
broad range of conditions. There is, however, still a need for a contrast agent which could be used for both 
ultrasonic imaging and MRI. For example, while MRI is the method of choice in neurological preoperative 
diagnosis, real time imaging with MRI during a surgical procedure is not possible. This is because of the 

55 massive size of the equipment required for MRI. Yet real time imaging during surgery is often desirable, 
particularly when the surgeon has reason to believe there has been a shift in position of tissue due to 
invasion by the surgical procedure and/or change in intracranial pressure. Although ultrasound imaging can 
be performed during surgery, the current unavailability of a contrast agent which can be used in both 
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ultrasonic imaging and MRI renders anatomical correlation between the preoperative and operative images 
less reliable. 

In addition to" diagnostic applications, low frequency ultrasound has also been used therapeutically by 
physiotherapists to treat a variety of conditions. Ultrasound is now also being investigated in the treatment 
of malignant tumors, through the effects of heat and cavitation. Quan et al, Phys. Med. BioL, 34:1719-1731 
(1989) describe a five element ultrasound transducer array potentially usefuTTn^FtrealmTnt of malignant 
tumors through the effects of heat When heat is used in tumor destruction, the tumors are heated to a 
temperature between 42* and 45* C, producing cellular damage, ter Haar et aJ. Phys. Med. Biol./ 34: 1743- 
1750 (1989), discuss the potential use of high intensity, focused ultrasound in theselective "destruction of 
tumors, without damage to intervening tissues. Heretofore, no one has suggested a method of enhancing 
the effects of ultrasound through the use of gas-in-liquid microbubbles. 

Accordingly, ft is an object of the present invention to provide a process from the production of 
concentrated suspensions of medical grade, lipid-coated microbubbles. 

Another object of the present invention is to provide paramagnetically-labeled lipid coated microbubbles 
suitable for use in ultrasonic imaging and MRI. 

A still further object of the present invention is to provide a method for enhancing the selective 
destruction of tumors by ultrasound through the use of lipid-coated microbubbles. 

Summary of the Invention 

These as well as other objects and advantages are achieved in accordance with the present invention, 
as described hereinafter. In one embodiment, the invention provides methods for the production of 
undenvatized lipid-coated microbubbles suitable for use in medical applications. In another embodiment, the 
invention provides paramagnetically labeled lipid-coated microbubbles useful in ultrasonic and MRI imaging. 
In yet another embodiment, the present invention is directed to a novel therapeutic use of the lipid-coated 
microbubbles in the selective destruction of tumors through the effects of heat and cavitation. 

The composition of the lipid-coated microbubbles has previously been described in U.S. Patent No 
4.684.479. These microbubbles are particularly suited for use in diagnostic and therapeutic medical 
applications because of their small size and excellent long term stability. When produced in accordance 
with the improved method described herein, they are small enough to pass through capillaries so as to 
perfuse tissue. Also, the resulting emulsion is sufficiently free from solid lipid materials and other particulate 
impurities to be particularly suited for medical applications. 

The methods of producing the microbubbles differ from the methods described in the '479 patent in 
that the gas-in-liquid emulsion which forms the microbubbles is saline based. In addition, the metrics 
employed herein require the filter sterilization of the emulsion for use in medical applications, to remove 
particulate and supracolloidal material which otherwise might become lodged in the capillaries during tissue 
perfusion and cause serious harm. Although filter sterilization is a method step conventionally used for 
pharmaceutical compositions, in accordance with the present invention, it has surprisingly been found that a 
very specific filter, having an average pore size of about .40 to about 6.0 urn and having a polysulfone 
membrane is required to obtain an emulsion suitable as a contrast agent for imaging. Use of other filters, 
outside the scope of the present invention, results in a large, somewhat variable, statistically significant 
decrease in microbubble concentration, and hence a decrease in image enhancement, which is unaccep- 
table both on functional grounds and in view of federal regulatory quality-assurance expectations. 

Employing the methods of the present invention; microbubbles having a mean diameter of about 2 0 
urn are produced. 99% of the microbubbles are smaller than 4.5 urn, with 100% being less than 6 urn 

The saline solution used for the manufacture of the microbubbles is preferably prepared by dissolving 
ACS reagent grade NaCI in distilled water to obtain a final concentration of about 0.9 % w/v. 

Furthermore, this solution, which is substantially saturated, is preferably admixed with a surfactant 
mixture to be discussed below in the ratio of 1.1 of saline solution to about 1.5 to about 2.0 g of the 
surfactant mixture. 

A further improvement of the production of lipid-coated microbubbles is achieved by the step of 
mechanically shaking the solution at least two more times before passing the solution through the 
polysulfone membrance filter. 

In another embodiment the invention provides paramagnetically labelled, lipid-coated microbubbles 
suitable for use in ultrasonic imaging and MRI. The paramagnetic label is incorporated into the microbub- 
bles by first forming a paramagnetic complex covalently attached to the amino groups of a hydrophobic 
protemaceous polymer, such as polyalanine, and then incorporating the complex into the lipid monolayer 
surrounding the microbubble. The thus-prepared microbubbles can be injected intravenously into an animal 
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or human body, and then detected using conventional ultrasonic or MRI scanning equipment The 
advantage of the derivatized microbubbles is that they permit preoperative microbubble enhanced MRI 
images of neurological disorders to be clearly correlated anatomically with microbubble enhanced ul- 
trasound images taken during and after neurosurgery. In addition, simultaneous microbubble enhanced MR 
5 and ultrasound images can be obtained outside of the brain cavity in order to improve the overall accuracy 
and information content of the imaging data. e.g. f as a cross check for the complete removal of primary 
tumors and metastases. 

In another embodiment, the present invention provides methods for actual therapeutic intervention with 
lipid-coated microbubbles. Such therapeutic applications include the destruction of tumors by ultrasound 

io heating and/or cavitation of microbubbles at a tumor site. As shown in the examples herein, it has now been 
demonstrated that underivatized. lipid-coated microbubbles, when injected intravenously into an animal 
body, will cross disruptions in the blood/brain barrier and thereby pass into tumors in the animal's brain. 
Accordingly, a selective enhancement of the tumor image is seen during intraoperative ultrasound images 
of the brain. The demonstrated pooling of the lipid-coated microbubbles at the tumor site in the brain 

/5 indicates that the tumors can be selectively destroyed through the use of ultrasound, with enhanced 
destruction of tumor tissue due to the presence of the gas-in-liquid microbubbles present at the site. 

Brief Description of the Drawings 

20 Figure 1 is a histogram graphically illustrating the particle size distribution of stable lipid-coated 
microbubbles obtained in accordance with the method of the present invention, as determined by 
electroimpedance-sensed volumetric sizing. 

Figure 2 is a histogram graphically illustrating the particle size distribution of a lipid-coated microbubble 
suspension prepared using a 0.20 urn filter, as determined in Figure 1. 

25 Figure 3 is a histogram graphically illustrating the particle size distribution of a suspension of lipid- 
coated microbubbles prepared using a 0.45 um cellulose-ester membrane filter as also determined in 
Figure 1. 

Figures 4A and 4B are representative ultrasound images showing that the lipid-coated microbubbles will 
cross into and intensify the ultrasonic image of gliomas in a rat brain. Figure 4A is an image of rat cerebral 
30 glioma several minutes before intravenous injection of the iipid-coated microbubbles; Figure 4B is an image 
several minutes after the intravenous injection. 

Detailed Description of the Invention 

35 The surfactant mixtures employed in accordance with the method of the present invention to obtain the 
underivatized and paramagnetically labeled, lipid-coated microbubbles are best obtained in powdered form. 
The surfactant mixture is described in detail in U.S. Patent No. 4.684,479. which is hereby incorporated by 
reference. Briefly, the surfactant mixture comprises (a) a member selected from the group consisting of 
glycerol monoesters of saturated carboxylic acids containing from about 10 to about 18 carbon atoms and 

40 aliphatic alcohols containing from about 10 to about 18 carbon atoms; (b) a sterol-aromatic acid ester: (c) a 
member selected from the group consisting of sterols, terpenes. bile acids and alkali metal salts of bile 
acids; (d) a member selected from the group consisting of sterol esters of aliphatic acids containing from 
one to about 18 carbon atoms; sterol esters of sugar acids; esters of sugar acids and aliphatic alcohols 
containing from about 10 to about 18 carbon atoms, esters of sugars and aliphatic acids containing from 

<5 about 10 to about 18 carbon atoms; sugar acids; saponins; and sapogenins; and (e) a member selected 
from' the group consisting of glycerol, glycerol di or triesters of aliphatic acids containing from about 10 to 
about 18 carbon atoms and aliphatic alcohols containing from about 10 to about 18 carbon atoms, said 
components being present in the mixture in a weight ratio of a:b:c:d:e of 2-4:0.5-1.5:0.5-1.5:0.5-1.5:0-1.5:0- 
1.5. A more complete description of these components can be found in U.S. Patent No. 4.684.479. 

so Preferably, the composition is formed from glycerol monolaurate. cholesterol benzoate, cholesterol, choles- 
terol acetate, and glycerol tripalmitate. 

The emulsions are obtained by forming at least a substantially saturated solution of the surfactant 
mixture in saline based media, which is generally obtained by mixing from about 0.02 to about .4 grams of 
the surfactant mixture with about 100cc of saline. The resulting mixture is then shaken vigorously for about 

55 2 to about 20 seconds, preferably about 10 seconds in air or other, gaseous material at room temperature. 
After about five minutes, the shaking is repeated two or more times. 

Following the shaking, the solution is preferably allowed to stand for about 15 to 60 minutes, most 
preferably about 30 minutes, to allow the undissolved lipid material to settle out of the solution. Settling out 
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iS n V* S Z?* bUt ?°f t6nd t0 Pfevem C, °" in9 of the fi,ter duri "9 *• ^"sequent filtration step 

The resulting solution ,s then filtered through a sterile polysulfone membrane filter having an averaoe 

TJZTZ Z^ofl ^ l* 0 !™ ^ Pfe,erab,y - ^ P°»V-«one membr^teT^Tave 
s ?J*Z ~ , ? ^ fr0m about 40 10 -60 urn and most preferably, about 45 urn The 

'ZPn — ° f ^ fi ' ,er " Sed in fi,ter steri,i2alion is erwc- to obtoninVa medicai grade 

suspension ,n accordance with the present invention. Below about 40 urn the fill*, ^ „«? J 

~ubb,:s e ssrr ,o °r — — t^x^zt^^ 

the m.crobubbles (about 1-5 urn ,n diameter) pass through the filter, they are broken down and ouits 

ml «f ? '! ^ ' eVed 10 156 dUB 10 1,18 Cavitation or tu * ute '«e which occurs during m2L *55 
the filter. In accordance with the present invention, it has surprisingly been found thaS S 

- ^rSe SSS susZiS a " 0W ^ PaSS39e °' PartCU ' ateS - - °< fed 

This is undesirable because of the increased possibility of complications due to blockaoe in the circulation 
system^ Preferably, the polysulfone membrane fitter will have an average pore diarZr JZZf 2 * 
coml ° a Um ; ""T r err6d fi,,efS Wi " a " 0W Sufficient r «°" - *TmSiiSt SSI Zul 

40 skits rr * hich ^ A^^^J^ 1 ! wl-s 

^^^^"jS^^S^ - — - to a larger moiecu^ 

be *Z7e^ZT^ PTeSm inVenti0n ' the enhanced MRI «=an be mimicked and may in fact 

«s ^SSS^^SIST^ °V he Parama9netiC com P ,ex *«* *• even larger ipS^JSS 
complex eg G^pTT^L^T ** ^ C ° Va ' ent,V bondin 9 1,16 paramagnetic 
■HfmcSr o^aonetic L p " P roteina «<*« homopolymer or copolymer, after which the 
Stab^ micTob ' bbfr 9 Gd '° TPA de " VaftVe " aSS0Ci3ted ™* the mounding the 

so paran^^^ ~TT Shou,d be wate ' «**•■ * 'aciiitate the synthesis of the 

2 '^I^^ IT^Z I^IT* *" th9 tK * fam 66 m ° derate,y "V^Pnobic. so that it 
einaceous poZS are mL^.l h h S?' Surroundin 9 microbubbles. Particularly suitable prot- 
from Si?SS Z ^TL TT bK ' amin ° add hom °P«"^. such as those forced 

^^J^pSS^ ^ P ° ,ya,anine " ^ 3 m ° ,eCU,ar of about 

which is then ncorooraSd Unto £ ?7h parama 9 netic """P 1 ** is obtained as a lyophilized powder. 
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paramagnetic-labeled surface active derivative readily incorporates into the monolayer surroundmg the 
microbubbles. with the paramagnetic label remaining exposed to the aqueous extenon _ 

The paramagnetically labeled microbubbles of the present invents are useful ,n the enhancement o 
both ulasonic imaging and MRI. The labeled microbubbles will be injected into the human patient or 
anil Tntravenous.y 9 in 9 S tandard diagnostic doses and then imaged using convenuona. ,mag,ng equ^ment. 
These paramagnetically-labeled microbubbles should allow the neurosurgeon to look at.,.n the operating 
room using real time u.trasonic imaging, precisely what he or she looked at using MM, 

Image mapping procedures can be employed to correlate the ultrasonic and MRf images^ Standard 
image mapping procedures are known and produce maps which allow for the reconstruction of an 
ultrasound image from the lesion's actual size and shape. See. for example. Li , Roux et a. .Jp™2b 
71691-698 (1989). Image mapping procedures may also involve a mapping from the tumor histology to the 
MRI image. Using composition or direct mapping, the relationship between the MRI and ultrasonic -mages 

^ ranothe'rembodiment of the present invention, there is provided a method for enhancing the selective . 
destruction of tumors using the heating-and cavitationai effects of ultrasound. This method takes advantage 
of the tendency of the medical-grade lipid microbubbles to pool or concentrate ,n tumors i and the 
established fact that gas pockets, such as those provided by the microbubbles. are known to a« as he* 
sinks as well as cavitation nuclei. For example, this inventor has recently found that the l.p.d-coated 
microbubbles of the present invention will, in fact, cross into and intensify ultrasonic images of tumors .n the 
rat brain. Passage of the ultrasmall lipid microbubbles is possible primarily because of the a Itera -ons -n 
capillary permeabi.ity and vascular structure in the area of the tumor. These pathological alterations .n 
intrinsic tumor capillaries increase the likelihood for small particulate matter to pass out of c.rcu.at.on nto 
the cerebral tumor. Virtually all classes of tumors are known to have sim,lar disruptions .n the vascu ar 
endothelium, regardless of the site of the tumor. Similarly, the lipid-coated microbubbles cross the vascular 
endothelium into tumors elsewhere in the body as they do in the brain. 

. It has previously been shown that ultrasound, in the absence of any c0nt ^J9 e o nt -, c ^^ " b 
therapeutically in the selective destruction of tumor tissue. (Quan et al. Phys. Med. BioL .3*1719-1731 
(1989)- ter Haar et al. Phys. Med. Biol.. 34:1743-1750 (1989).) In accordance with a th.rd embodiment of the 
invention, the known civiteti5n¥ andheating effects of ultrasound may be enhanced through the use of 
lipid-coated microbubbles which have pooled at the tumor site. 

The novel method involves intravenously injecting lipid-coated microbubbles into a human or an.mal in 
order for the microbubbles to accumulate or pool at a predetermined area which has been ultrason.cally 
scanned to obtain a diagnostic, confirmatory image of the tumor area and then intensifying the ultrasound 
signal, thereby providing a therapeutic heating and/or cavitationai effect. 

The excellent uniformity and extremely small size, coupled with the exceptional m vrvo longevity of the 
lipid-coated microbubbles enables them to: 1) safely traverse the pulmonary microcirculation, and 2) endure 
passage across structural disruptions of the vascular lining (or wall), as commonly occurs in the abnormal 
capillary beds of many types of tumors. The resulting accumulation and persistence of these lipid-coated 
microbubbles at the tumor site directly causes a selective enhancement of the ultrasonographic .mage of 
the tumor, as observed in Example 6 herein with brain tumors at this microbubble dosage level. The 
selective image enhancement is best displayed by taking ultrasound scans of the tumor site before and 
again a few minutes after microbubble contrast injection intravenously. 

This selective accumulation of lipid-coated microbubbles at the tumor site can be very useful for 
accentuating the following two therapeutic effects of ultrasound on tumors. First the ability tc .focus 
ultrasound precisely on a predetermined volume (e.g.. specified from prior diagnostic imaging) provides the 
ability to selectively destroy tissue at a tumor site without damage to intervening tissues. The highly 
echogenic nature of the ultrasonic lesions produced during in vivo studies and in excised liver samples .n 
vitro suggest the effect is produced by cavitation damage. The extent of the ultrasonic lesion .s dependent 
upon both length and intensity of the focused ultrasound exposure, where the intensity of the jocused 
, ultrasound is routinely higher than that required simply for imaging (ter Haar et al. Phys. Med aoi.. 
34-1743-1750 (1989)). However, lower intensities of ultrasound can still be effective for tumor therapy 
through its thermal effect on tissue. Ultrasound in the low megahertt frequency range is used to treat 
malignant tumors by heating them to temperatures between 42 and 45 C. producing cellular damage the 
extent of which is determined by the duration and number of treatments (Quan et al. Phys. Med. aoL. 
5 34:1719-1731 (1989)). Both the cavitationai and thermal mechanisms of ultrasonic tumor therapy can be 
accentuated by the presence of the accumulated microbubbles in the tumor, since microbubbles are known 
to serve very effectively as cavitation nuclei (D'Arrigo. J. Chem. Phys. . 71:1809-1813 (1979): ibid.. 72:5133- 
5138 (1980); ibid.. 75:962-968 (1981)) and their contained gas readily provides a local source of heat 
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generation in an ultrasonic field. 

Considering first the cavitation facilitation, the threshold for macroscopic bubble formation in an 
ultrasonic field has been reported to be similar in both agar gels (ter Haar et al. Phys. Med. Biol.. 34-1533. 
1542) and guinea pig hind legs (Daniels & Ter Haar. Proc. I.O.A.. 8:147-157). AUnTiamT time", it is also 
5T L°T extens,ve Physico-chemical experimentation with"hlghTy purified gels that the ordinary cavitation 
threshold for macroscopic bubble formation in aqueous-based gels can be lowered drastically by the 
^TZ^HSTSl W eV ?V° W concentrations of microbubbles (O'Arrigo. Aviat Space Environ. 
sSr>.2^ ? 9 °- - — ^ 71:1809 - 1813 < 197 9)= ^id.. 72:5133-5138l^FlbH. TBlSoi: 

968 (1981)). As concerns the thermal enhancement effect mediated by any accumulated microbubbles in 
ro tiie tumor tins physical relationship stems from the fact that free gas bubbles in a liquid are capable of 
f p n d!T m ? 0 ^ e = Sma " radial Pulsati0ns 01 *° bubbles > in ™ u,tra sound neld (Ophir 

iST'-SS 2 ^ft,. 15:319 " 333 0 989) - ™ S Str ° n 9 oscillator y motion of *• -nicrobubb.es 
provides a mechamsm for local heat generation in the region of the microbubble. The degree of non- 

hneanty .n the ultrasound beam will also determine the temperature rise achieved. Theory predicts more 

H Z Z £ "V""* PU,S6S ^ W9her »** ^ P ressure an.p.it^des AsscKiat^ 
tins, there may be an enhancement of the predicted temperature rise due to absorption of the hioher 
harmomc components (Swindell. Ultrasound Med. BioL, 1 1:121-130) 9 
Following microbubble-assisted ultrasonic destruction of a tumor site, the walls of the tissue cavitv 
. STJ 1 liquefaction and drainage of the ultrasonic lesion site can be better defined with use of more 
P S ?r Cr °H bU , bb,e C ° ntraSt ** thS Pr09feSS °' reS0,uti0n of this cavi * can b e tracked over time 
achiH T^? "* 6XP0SUre time m P* 3 ™** "»** will have to be controlled in order to 

achieve the destred tumor destruction. These parameters will, in turn, be dependent upon a number of 
factors, .nc.ud.ng the size and location of the tumor and the ultrasonic equipment use? In oene^ a 

* STST ** *• eXP0SUre time> *• 9rea,er 1,16 «•* <* tumor tissue damage limNariy i 

25 ^ 'f*" 8 '* " ,ncreased « constant exposure time, the extent of damage will again be increased 

m^ofL ^ • ^P'^ 0 " for * e medical Orade microbubbles produced in accordance with the 
and mVenti ° n inV0 ' VeS ^ d6liVery °' compositions, such as drugs 

llnTof *T"? C a ?!? tS, . to ^ ^ Site - ™ S inte ™*°" also takes advantage of the natura 
tendency of tiie l.p.d-coated microbubbles to pool in the tumor tissue. In this application cytotoxic aoents 

rjsss^T-T rt rane she " of *• ,ipid - coa,ed - « s 

Based S?5?Sl 5^?? ^ *• aPP,iCati0n ° f N9h intenSity U,,rasound waves at ,ha <"™r sito 
fZlt £?. ,k 6CtS ° f u,trasouna ' 1,16 ener 9y will cause the microbubbles to burst at the site 
thereby releasing the cytotoxic agent directly at the tumor location 

bles^ to° r ™ch°l the Patticuiat9 ' Cytotoxic a 9 ent within *e membrane of the lipid-coated microbub- 
bles can*e approached m any one of a number of ways. One approach involves the preparation of a 

coS^l COat,n9 T ^ aPPHed 10 *• SUr,aCe °' me P^ate form of a cytooxic agent Te tits 
coated cytotoxic agent is then introduced as an aerosol over or otherwise deposited on the surface 0? a ' 

^n^T 0 " ° aPPr ° Priate ' ipid SUrtaCtant mixtu ' e in a Cosed container. Vigorous shak ng by ha „d 
then traps macroscop.c gas pockets, containing either the particulate aerosol or particle adher.no to m « 

Shuhh?!, by h 9 „ d,SSO,ut,on ' and a tightly packed, lipid-surfactant monolayer forms around me 

Th^ r haV ? entrapped merein *• bycrophobically coated, cytotoxic drug particles. 

Je bTwSr" 9 eXamP ^ i,,UStrate PfeSent inVenti ° n - Unl6SS 0thewise *** a » Percentages 
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EXAMPLE 1 
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invent aTuSLI^? *" Pr8Par3ti0n ° f 3 SUrf3Ctant mixture ,or use in acc ^ance with the present 
mvention. A surfactant m.xture was prepared in accordance with the present invention by admixing glycero 

oT ° "T^r ^T- 6, C H 0,eSter ° l Ch0leSter01 3Cetate - Ql ^ rol ^imitateta weigt^S 
of 3.1.1.1.1. respectively, to obtain a dry powdery surfactant mixture. 

EXAMPLE 2 

solution' waTo'ren^ 68 ^ 6 r^lS Pr0dUCti0n °' 9rade «P id -c^ microbubbles. Saline 

preyed lirli n; SS0 H ^ ACS fea9ent 9rad6 NaC ' (0 9% w/v) in ^er. The thus 

prepared solution was then filtered through a sterile 0.2 urn membrane filter 

An excess (1.5 gm/liter) of the powdered lipid-surfactant mixture prepared as in Example 1 was added 
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to the above solution. The resulting solution was shaken vigorously (mechanically; sonication . unnec- 
ZSOtZ 10 seconds in air at room temperature. After five minutes, this shaking step was repeated two 
moT I™* The undissolved lipid materia, was then allowed to settle out for about 30 mmutes and the 
« Lg coHoTda. suspension (i'e.. supernatant) was filtered through a «enje POlysuHone membrane 0.45 
um ocre-diameter low-absorption membrane filter (Gelman Sciences. Ann Arbor. Ml). 
" S^SS suspension^ lipid-coated microbubb.es was then an*yzed using £ CouUer Mu^er ,n 
conjunction with Coulter's AccuCorp Software (Coulter Electronics. Inc.. Hialeah. FL). Analysis was con 
St isotonic saline at approximately 21 ' C. The results of this analysis are set forth ,n Figure 1 . The 
anafS ™Z fmtcrobubb^ present in a concentration of about 54O000 MM Mean m.crobubble 
diameter was 2.00 urn and greater than 99% of the micrbbubbles were below 4.35 urn. 

COMPARATIVE EXAMPLE 3 

This example illustrates the criticality of using a filter having an average pore size of at least about AO 
urn and oTvsulfone membrane, by comparing the microbubble suspension formed ,n accordance w,th the 
preset Son with a suspension prepared using a .20 um pore size filter and a cellulose-ester 
membrane filter, respectively. 

Filter size 

A saturated solution of a surfactant mixture was prepared in accordance with Example 2. except that a 
20 um potysulfone membrane filter was used in the filtration step instead of a .45 um po.ysu.fone 
ZULTZ XtiCe size analysis was conducted as in Example 2. The results of the analysis are set 

<0rt ^an* seen from the analysis, while the size distribution remained between 1-5 um in diameter .the 
microbubble concentration dropped precipitously to about 210.160 microbubb.es per ml oraboutJO. o 
the concentration obtained in accordance with the present invention. Th,s suggeste that the .20 um filter 
does not allow sufficient reformation of the microbubbles after passage through the filter. 

The suspension obtained using the .20 um polysulfone membrane filter is very un at, sfactory as a 
contrast agent in view of the low concentration of microbubbles present therein and the variability o 
SSS ^e ^ncentration measured. The product specifications developed for this «-f*9^™£? 
agent, in accord with federal regulatory quality-assurance expectations, require a concentration of 540.000 - 
15% microbubbles/ml - which obviously cannot be met in this case. 

35 Composition 

The composition of the filter employed in the second filtration step is also an important «pect of the 
presen invention, although the composition is not as critical as filter pore size u^clte 
surfactant mixture was next prepared in accordance with Example 2. except that a .45 um cellulose 
aceSe" llSe nitrate memb'rane filter was utilized rather than ft. preferred .45 ^ 
absorption) membrane filter. Particle size analysis was conducted as in Example 2. The results of the 

analysis are set forth in Figure 3. . ah#ull «. c 

As can be seen from this analysis, the size distribution of the microbubbles again remains at about -5 
um in diameter. However, the microbubble concentration dropped to about per rn^o 

suspension This is approximately 19% lower than the concentration of microbubbles obtained in acco 
danS wUh the present invention, which employs a polysulfone membrane filter. Such a redurfio" is 
sufficient to seriously limit the suspension's usefulness as a sonographic contrast agent. Other membrane 
filter materials, such as PTFE. lead to even poorer suspension quality. 



30 



40 



SO EXAMPLE 4 

This example illustrates the method of preparing paramagnetically labeled, lipid-coated microbubbles 
obtained in accordance with the present invention. 

Fifteen grams of polyalanine (1000-5000 daltons mol. wt.) were ' ^solved in 2500 ml o 1.0 M 
55 phosphate buffer and filtered through a 0.5 um pore-diameter fitter. A 20-fo.d molar ^excess of solid I DTPA 
(Sigma Chemical Co.. St Louis. MO) was added to the protein solution, and the pH adjusted to pH 8 by 
addition of solid sodium phosphate buffer. After 30 minutes of additional stirring, the pH was _ ad.usted to pH 
56 with glacial acetic acid (or concentrated HCI) and a 30-fold molar excess of GdCI, (Aldnch Chemical 
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« 'lUH « ^ 3dded - The S ° ,Uti0n WaS men dial * 2ed ***** 015 M "line at 5*C for 

96 hours us.ng 1000-dalton cut-off dialysis tubing. The resulting 1.8-2.0 liters of solution w« tiZ 
lyoph.hzed over several days to give the white, solid derivative (approximately 20 gm) 

Incorporation of the lyophilized Gd-OTPA derivative into lipid-coated microbubbles was accomolished 

in'thMri de ? VaWV : (5 "° % ^ t0 ^ mixture of Example?. 

m the sotomc salme the paramagnetic-labeled surface-active derivative is incorporated into ti^microbS 

ble s surroundmg Ijp.d monolayer, with the Gd-DTPA label remaining exposed^ the aqueou 7££ 



TO 



coated microbubbles. 
EXAMPLE 5 



20 



25 



uJtZLTT T^T ** me P^^netic-labeled and/or unlabeled lipid-coated microbubbles 
,s Rations' «"—■ - *>fe for medical diagnostic «d EJSE 

gross autopsy, organ weights obtained for 7 critical organs and the tissues fixed ££££SE^ 

aJ^TZT" ° f *? 6 W6ek V6rSUS 2 Week ChemiStry va,ues show s °™ differences and elevations in a 
™ an ? PafameterS eXamined ' With me m0St prcminent difference «*«™9 in the LDH values 

STn£7 Fu'Zmorf ^ eXaminati °" S * ^ ^ te ^ nS re,ated * *• «Mnt£^£- 
test matenal. Furthermore, there were no atheromas, mural thrombi or emboli seen in a „„ rt , *. >. 

zss^r resu,,s support safety ° f me ■* K8 — 

the memod of the present .nvention for single or double administration for clinical trial aCCOrdance w,tn 
week period, lipid-coated microbu^blesVi m^J SJ^^^^^S 2 1 2 



EXAMPLE 6 



50 



55 



Bilateral craniectomies were performed on Sprague-Dawlev 250-333 n mala „.„ ^ 

of ■i^TLffJ5 .^ parench y mal lection of cultured glioma cells, as. described above and 11 

l^undl^as oeXrlr n ° US "lES 1 * * °' °° 5 m ' °* «° -icrobubb.es 
asound ,mag,ng was performed usmg a 7.5 MHz probe and images were recorded on a broadcast-grade 
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videotape recorder and subsequently transformed to image processing software. The day of sonography 
detection of the developing cerebral glioma in each animal was recorded: the mean and S.E.M. were 
calculated for the microbubble (n = 11) and control (n = 9) groups. . 

All animals were sacrificed after the last image was taken and brains were removed for h,stological 
sectioning to verify tumor location and to determine actual tumor si2e. 

Figure 4 is a representative ultrasound image of a rat cerebral glioma before <4A) and within a few 
minutes after intravenous injection of the lipid-coated microbubbles (48). The results of the experiments 
showed that the lipid-coated microbubbles will cross into the gliomas in the rat brain and .ntensify the 
ultrasonic image obtained. The results of the experiment, set forth in Table 1 below, also show that the 
developing tumors can be detected earlier when the microbubble contrast agent is employed, compared to 
the control group. 



75 



TABLE 1 

First Sonographic Detection of Brain Tumors (Days) 
Control (n=9) Microbubble fn=ll) 



20 



25 



30 



6 
8 
6 
9 
6 
6 
7 
6 
6 



4 

5 



35 



40 



Mean 6.67 
+ 

S.E.M. 0.35 



4.09 



0.08 



p < .001 (F 1 ^ - 54.19) 



45 This Table lists, for each animal, the time necessary for first sonographic detection of the developing 
cerebral glioma. The means of 6.67 s 0.35 and 4.09 * 0.08 represent the mean time (* S.E.M.) for the 
separate control and microbubble groups, respectively. Sonographic detection of the cerebral gliomas 
appeared about 40% earlier in the rats injected with the lipid-coated microbubbles than in the control group, 
which further indicates the clinical potential of the lipid-coated microbubbles. 

so 

Claims 

1. A method of preparing medical-grade lipid-coated microbubbles comprising the steps of: 

A forming at least a substantially saturated saline solution of a surfactant mixture comprising: 
55 (a) a member selected from the group consisting of glycerol monoesters of saturated carboxylic 

acids containing from about 10 to about 18 carbon atoms and aliphatic alcohols containing from 
about 10 to about 18 carbon atoms; 
(b) a sterol-aromatic acid ester; 
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(C t! T!!? 6 *' Sel6Cted fr0m me group consistin 9 of sterols, terpenes. biie acids and alkali metal 
salts of bile acids; 

<d) a member selected from the group consisting of sterol esters of aliphatic acids containing 

SLIT ° ??* 18 Cart>0n at ° mS: Stero ' 9S,erS 0f "»* acids: ester * <>f sugar acids and 
al.phatoc alcohols containing from about 10 to about 18 carbon atoms, esters of sugars and 

^eninTid " 9 fr0m ■ <b ° Ut 10 10 *°* " C * b ° n at ° mS; SU93r ■**■ sapo " ins: 
S^Z?^ Se l!° ted K fr ° m 9r ° up consistin 9 of glycerol, glycerol di or Westers of- aliphatic 

s.s^'tjs r s: about 18 ^ atoms - ■*-» a,cohois — *» - 

LSHSrf S °l Uti0n mechanical,y ,or *«" "*»« 2 '0 about 10 seconds in a gaseous 
r S« r S T te T fatUre - mereby t0rming 3 gas-in-liquid emulsion: and 

C. passing the thus obtained solution through a sterile polysulfone membrane filter having an 
average pore diameter of about .40 to about 6.0 urn. • 9 

*" di™?^f a !S r fn 9 J°. ^ Wh6rein * 6 Sterile P° , y su,f0 ^ ^mbrane filter has an average pore 
diameter of about 0.40 to about 0.60 urn or more preferably of about 0.45 um. 

2 C T, \ Wh8rein ^ COm P onents are ««••"» i" the surfactant mixture in a 
weigm ratio a.b:c:d:e of about 2-4:0.5-1.5: 0.5-1.5:0.5-1.5:0-1.5. 

4 ' ***** t0 C ' aim 3 - Wherein me surfactant mixture co "sists essentially of glycerol 

SS52f:i1!S L ^ 20ate - Ch0,eSterO '- Ch ° leStef01 aCetete - 9,ycef01 tri <> alm « a * * « 3 

S. A method according to any of the claims 1 to 4. further comprising the step of dissolving - 
paramagnetic compound in the saline, in an amount of about 75 mg tc .about 200 mg 

39ent SUitab ' e * dement for ultrasonic imaging and magnetic 

^^uT^^^T^:^ 3 parama 9" etic herein the mean microbubb.e 

diameter is about 1.5 to about 4.5 um and 100 % of the microbubbles are less than 6 um in diameter 
the imaging agent being preferably prepared by a method according to any one of the cuTms 1 to 5 



6. 



7. 



8. 



cTnsTsSo" 9 T ST* t0 ^V' Wherei " *• P arama 9"e^ complex is selected from the group 
consisting of gadolinium diethylenetriaminepentaacetic acid (Gd DTPA) manganese 

ZESSZT^-*" (M " DTPA> ' 9ad0 ' iniUm et "V'^ a -'ne«etraace«c 'acid ?Gd S5J 
and manganese ethylenediaminetetraacetic acid (Mn EDTA). 

a^vdronhnK 96 " 1 , ^i" 9 * ^ 6 * ? ' whefein the P^amagnetic complex is covalently bound to 
a hydrophobic polymer, the complex being preferably gadolinium diethylenetriaminepentaacetic^cid 

9 - sssKwsr* ,or enhancemem of u,trasonic ima9in ° and ma9netic 

A. obtaining a hydrophobic polymer labeled with a paramagnetic complex- 

C SSf" 8 "!? hydrophobic P°'y mer in a saline solution in an amount of about lOmM- 

C. adding a surfactant mixture according to any of the claims 1 to 5- and 

P rocess,n 9 the solution obtained in step C. according to any of the claims 1 to 5. 

1 °* of rllfT^'S t ! 1 Claim 1 9 ' wherei " the hydrophobic polymer is selected from the group consisting 
of homopolymers of valine, glycine and alanine and copolymers thereof. 

11. A method according to claim 10. wherein the paramagnetic complex is selected from tha om..n 
consisting of gadolinium DTPA. manganese DTPA. gadolinium EDTA 

M A method according to claim 1 1 . wherein the paramagnetic complex is gadolinium DTPA 

13. A method of enhancing ultrasonic imaging of a tumor by increasing image contrast, comprising the 
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steps of: 

A. providing a suspension of medical-grade, lipid-coated mtcrobubDies; 

B. injecting the microbubble suspension into the tumor-bearing individual; 

C. allowing the microbubbles to pool in the tumor tissue; and 

s 0 employing high frequency diagnostic ultrasound in the area of the tumor; 

E. receiving reflections of ultrasound wave signals from the underlying area enhanced by reflections 
from the microbubbles and transforming the signal data into images. 

14. A method according to claim 13. wherein the lipid-coated microbubbles according to any one of claims 
w 6 to 8 are used. 

15. A method according to claim 13. wherein the lipid-coated microbubbles are formed from a substantially 
saturated saline solution of a surfactant mixture according to any one of claims 1 to 5 and 9 to 12. 

is 16. Use of lipid-coated microbubbles for the manufacture of a therapeutic agent for destruction of tumors 
by ultrasound heating and/or cavitation of microbubbles at a tumor site. 

17. Use of lipid-coated microbubbles according to claim 16. wherein the microbubbles are produced 
according to a method of any one of the claims 1 to 5 and 9 to 12 or selected according to any one of 

20 the claims 6 to 8. 

18. Use of lipid-coated microbubbles according to claim 16 or 17. wherein the therapeutic agent is 
injectable to a tumor-bearing individual and the microbubbles are pooling in the tumor tissue. 

25 19. Use of lipid-coated microbubbles according to any one of claims 16 to 18. wherein after detecting the 
tumor site the intensity of ultrasound on a specific tumor volume is increased, the sound waves 
creating by interaction with the microbubbles a localized heating and/or cavitation. 

20. Use of lipid-coated microbubbles according to claim 19. wherein the microbubbles contain a therapeu- 
30 tic pharmaceutical agent and the microbubbles are caused to burst at the increased ultrasound 
intensity. 
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FIG. 4A FIG. 4B 
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